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Increased synthesis of matrix 
metalloproteinases by aortic smooth muscle 
cells is implicated in the etiopathogenesis 
of abdominal aortic aneurysms 
Manish I. Patel, MBBS, James Melrose, PhD, Peter Ghosh, PhD, and 
Michael Appleberg, FRACS, St. Leonards, New South Wales, Australia 
Purpose: The objective of this study was to identify the metalloproteinases elaborated by 
medial smooth muscle cells (SMCs) isolated from abdominal aortic aneurysm (AAA) and 
control arterial tissues and to ascertain if the levels produced by AAA SMCs were elevated. 
Methods: SMC monolayers cultured from the outgrowth cells oftunica media explants were 
established, and their identity was determined by fluorescent microscopy by using a 
fluorescein isothiocyanate conjugated anti-SMC ~-actin antibody. Matrix metalloprotein- 
ases (MMPs) produced by SMC monolayers in serum-free culture were examined by 
gelatin zymography and Western blotting with monodonal antibodies to MMP-2, 3, 
and 9. 
Results: Serum-free media from AAA SMCs contained metal-dependent lastolytic activity 
that cleaved the synthetic substrate succinyl trialanyl 4-nitroanilide (pH optima 7.2) and 
also 14C-insoluble lastin. The level of proteolytic activity found in these cultures was 
significantly greater than from control SMC media. Zymography established that AAA 
SMC media samples contained metal-dependent gelatinases of50 to 64 and 92 kDa, which 
were identified respectively as MMP-2 and 9 by Western blotting by using monoclonal 
antibodies to these proteases. 
Conclusion: Medial SMCs isolated from AAA tissue produce significantly higher levels of 
MMP-9 and 2 than SMCs from control arterial tissues. These proteinases have the capacity 
to degrade lastin and a range of extracellular matrix proteins. From these data, we suggest 
SMCs may be involved in the abnormal degradation ofthe aortic wall in AAA through the 
excessive metalloproteinase activity produced by SMCs. (J Vasc Surg 1996;24:82-92.) 
The etiopathogenesis of abdominal aortic aneu- 
rysms (AAAs) is currently acontentious i sue. Earlier 
views have suggested that AAAs were merely a mani- 
festation ofatherosclerosis. However, recent evidence 
indicates that those individuals affected by AAAs are a 
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different subset of the population than those with 
atherosclerotic o clusive disease (AOD).I Differences 
between these diseases include an average age of onset 
that is approximately 10 years later for AAA patients,l 
associated generalized arteriomegaly, and a lower 
incidence of other atherosclerotic manifestations in 
AAAs compared with AOD. 2 A higher incidence of 
hernias and epithelial neoplasia compared with the 
general population isalso associated with AAA devel- 
opment. 3'4 Other findings indicate a strong sex and 
genetic omponent to AAA disease because men have 
a higher prevalence than women, <6 which is often 
associated with a strong family history. 7 Affected 
individuals have a high incidence ofpolymorphism on 
chromosome 16 and often have elevated serum lipo- 
protein A levels. 
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One of the most consistent histologic observa- 
tions in AAA disease isthe disorganization a d disrup- 
tion of elastin and other matrix components of the 
aortic wall. This pathologic ondition is again distinct 
from AOD, in which the atheroma involves only the 
intima. In AAA, medial tissue is also affected by the 
atheroma, which is associated with the disruption of 
the elastic lamellae and depletion of the elastin from 
the aorta. 8-1° Elastin is essential for the elastic recoil of 
the aorta. If  the elastin fails, as in experimental models 
in which the arterial lumen is infused with elastase, the 
arterial pressure load is placed on the previously un- 
loaded collagen fibers of the tunica media. This situa- 
tion may result in further dilation or rupture of the 
vessel wall if the collagen fails to contain the stress 
imposed, n-13 Biomechanical experiments on arteries 
have confirmed that loss ofelastin from the vessel wall 
may predispose such tissues to AAA development, i >l 3 
The half-life of elastin has been estimated at 70 years 
in normal tissues, and its biosynthesis  considerably 
reduced by adulthood.14 Elastin depletion from vessel 
walls in AAAs would therefore appear not to be caused 
by a defect in its biosynthesis but rather from excessive 
catabolism of  this protein.l~'~4 
Elastolytic enzymes have been demonstrated in 
homogenates of whole AAA tissues, in which their 
levels have been shown to be elevated compared with 
homogenates of normal aortic tissue. ~-2~ Several 
studies have implicated a serine protease as the prin- 
cipal elastase activity present in AAA homoge- 
nates, ~8-2° whereas others have demonstrated that the 
major elastase is a metal-dependent e zyme. ~<17 Sev- 
eral groups have isolated and characterized lastolytic 
proteinases from AAA homogcnates, and a number of 
cell types have been proposed as the source, including 
smooth 1vmscle cells (SMCs), 22 leucocytes, 23 and 
other inflammatory cells that infiltrate the adventitial 
and medial tissues of the aneurysmal ortic wall. 24 
This study was undertaken to establish whether 
the SMC was a source of elastolytic activity and 
whether SMCs from AAAs produced abnormally high 
levels in culture compared with SMCs from AOD, 
inferior mesenteric artery (IMA), and normal aorta 
specimens. The data generated indicated that SMCs 
were indeed a source of elastolytic activity; further- 
more, this activity was elevated in SMCs isolated from 
AAA tissues, suggesting that it may well contribute to 
AAA development. 
MATERIAL  AND METHODS 
Tissues 
All tissue-harvesting procedures and subsequent 
laboratory studies were approved by the Medical 
Research Ethics Committee of The Royal North 
Shore Hospital of Sydney (Protocol 9501-02M). 
Informed consent for the use of surgical tissue speci- 
mens was obtained fi'om each patient. 
The ages of the tissue donors and other relevant 
details are provided in Table I. Aneurysmal tissue was 
excised from the anterior aortic wall at the time of 
operative repair in five patients; age- and sex-matched 
control tissue from the anterior infrarenal aortic wall 
was obtained from four patients with AOD. Arterial 
tissue macroscopically free of atheroma was obtained 
from the IMA <3 cm from its origin in the infrarenal 
aorta from five patients undergoing left hemicolec- 
tomy for colonic cancer. Two specimens of normal 
infrarenal aorta were obtained from cadaver organ 
donors. 
Primary culture o f  arterial explants and 
monolayer culture of  SMCs 
Harvested arterial tissues were immediately placed 
in ice-cold physiologic saline. The intimal and advcn- 
titial layers and any atheroma were aseptically dis- 
sected from medial tissue, which was subsequently 
diced into 1 mm ~ pieces; these pieces were cultured as 
explants in an atmosphere of 5% carbon dioxide in air 
with 95% humidity in Dulbecco's Modificd Eagles 
Medium (DMEM). The media was supplemented 
with gentamycin (50 gg/ml),  amphotericin B 
( 5 gg/ml),  and 10% vol/vol heat-inactivatcd fetal, calf 
scrum, which was replenished every 48 hours. The 
outgrowth SMCs were subsequently grown as mono- 
layers in DMEM until confluent. Confluent SMCs 
were passaged five times by detachment of monolay- 
ers by trypsinization i 0.2% wt/vol  trypsin in phos- 
phate buffered saline (PBS) for 3 minutes, and thc 
SMCs were reseeded at a density of 3.0 x l0 s cells per 
75 cm 2 canted-neck flask. 
Serum-free monolayer culture o f  SMCs 
SMCs that had reached their fifth passage were 
washed to remove any residual serum, then cultured 
for a further 2 days in serum-free 1 : 1 DMEM: Hams 
F]2 (Sigma Chemical, St. Louis, Mo.) containing 
insulin (5 gg/ml),  transferrin (5 gg/ml),  and sodium 
selenite (5 btg/ml) (Boehringer-Mannheim, Sydney, 
Australia). This serum-free media was collected as a 
source of matrix metaUoproteinases (MMPs) secreted 
by the SMCs that were detached by trypsinization, 
and cell numbers were conducted by using a hemocy- 
tometer. The media samples were then normalized to 
equivalent cell numbers by removing some condi- 
tioned media and replacing it with fresh media; this 
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Table I. Clinical details of tissue donors in this study 
Specimen type Patient Age (yrs) Sex Risk factors for AAA 
AAA 1 77 Male Ischemic heart disease 
2 57 Male Hypertension 
3 72 Male Ischemic heart disease 
4 75 Male Hypertension, smoker 
5 61 Male Transient ischemic attacks 
IMA 1 77 Female Smoker 
2 65 Male Smoker 
3 64 Female Ischemic heart disease, insulin-dependent 
diabetes mellitus 
4 77 Female Smoker 
5 57 Male 
1 64 Male Ischemic heart disease, hypertension, claudi- 
cation, smoker 
2 54 Male Ischemic heart disease, hypertension, claudi- 
cation, smoker 
3 78 Male Hypertension, claudication 
4 69 Male Ischemic heart disease, hypertension 
1 25 Male Smoker 
2 57 Male Smoker 
AOD 
Normal* 
*Cadavers from motor vehicle accidents. 
normalized media was used for subsequent ex- 
periments. 
Examination of SMCs by 
immunofluorescent microscopy 
To confirm the SMC phenotype, cells in their fifth 
passage were allowed to attach to cover slips for 2 days 
and were fixed in methanol and incubated with a 
1/400 dilution of a mouse monoclonal anti-SMC 
c~-actin (Sigma) in PBS for 30 minutes at room 
temperature. The cells were then washed twice in PBS 
and incubated with a 1/128 dilution of a goat 
anti-mouse IgG-fluorescein isothiocyanate (FITC) 
conjugate (Sigma) for 30 minutes. The cover slips 
were then examined by fluorescent microscopy. A 
representative fluoromicrograph is shown in Fig. 1. 
Determination of elastolytic activity 
Elastolytic activity secreted into serum-free media 
samples during culture of SMC monolayers was 
assayed by two methods: (1) degradation of the 
synthetic tripeptide substrate succinyl trialanyl 4-ni- 
troanilide (SAAANA) by using the release of 4-nitro- 
anilide chromophore asan index of enzymatic activ- 
ity, 2~ and (2) solubilization of 14C-insoluble lastin, 
measuring the release of 14C-elastin peptides into 
assay media by scintillation spectroscopy. 26 
Serum-free media samples from SMC cultures 
(0.1 ml) were added to 50 mmol/L tris (hydroxy- 
methyl) aminomethane (tris)-hydrochloride buffer 
containing 10 mmol/L (0.2 ml) in quadruplicate 
wells of 96 well flat-bottom microtitre plates. An 
aliquot of SAAANA (10 mmol/L, 10 gl) in dimethyl 
sulphoxide was added per well to initiate the reaction, 
and the plate was sealed and incubated at 37 ° C for 48 
hours. Porcine pancreatic elastasc (PPE) (0.1 
btg/well) was uscd as a positive control. Absorbanccs 
(A405 nm) were measured by automatic plate reader. 
Triplicate samples of insoluble 14C-elastin (1.9 x 103 
dpm/mg) 26 were added to 1.5 ml eppendorf tubes 
(3 mg/tube), and SMC media samples (0.1 ml) were 
added plus 50 mmol/L tris-hydrochloride buffer (pH 
7.2) containing 10 mmol/L calcium dichloride (0.2 
ml). The tubes were tightly stoppered and incubated 
at 37 ° C for 48 hours, centrifuged (6,000 x gm x 30 
min), and aliquots (0.2 ml) of the supernatant solu- 
tion subjected to liquid sctintillation spectroscopy to 
measure solubilized 14C-elastin peptides. 
Characterization of the elastinolytic activity 
secreted by SMCs isolated from AAA tissue 
pH optima. The elastolytic activity secreted into 
AAA-SMC cultures was examined by using SAAANA 
as substrate as previously described, except arange of 
buffers were substituted in the assay mixture to cover 
the pH range 4 to 11, sodium acetate buffer pH 4 to 
6, tris-hydrochloride buffer pH 7 to 9, 3-[cyclohex- 
ylamino]-l-propanesulphonic ac d (CAPS) buffer 
pH 10 to 11. 
The influence of class-specific proteinase in- 
hibitory compounds on the degradation of 
SAAANA by AAA SMC media samples. The 
relative elastolytic activity of AAA SMC media 
samples in the presence or absence of a range of 
proteinase inhibitory compounds (Table II) was as- 
sessed by using the standard assay conditions previ- 
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Fig. 1. Demonstration f SMC monolayers from AAA specimen stained with SMC ct-actin 
monoclonal antibody FITC conjugate. Magnification x50. Control SMC slides were also 
examined by using mouse IgG of same subclass (IgG1) as c~-actin monoclonal ntibody but 
nonreactive with SMCs to assess any autofluorescence by SMCs; because this was not significant, 
no data are shown. 
Table II. EffEct of class-specific proteinase inhibitory compounds on degradation of  SAAANA by 
elastolytic activity* present in serum-free SMC media samples from AAA tissue group 
Inhibitory compound % Inhibition Concentration ftest compound used 
Leupeptin 0 100 gM 
Pepstatin 0 1 gM 
TPCK 0 100 gM 
TLCK 0 100 gM 
SLPI{ 0 1 mg/ml  
AEBSF 3 100 gM 
PMSF 4 1 mM 
Aprotinin 4 1 mg/ml  
gl-PI~: 28 1 mg/ml  
EGTA 79 10 mM 
EDTA 100 10 mM 
1,10-phenanthroline 88 10 mM 
* Elastolytic activity against SAAANA was determined in 50 raM Tris-HCl buffer pH 7.2 containing 10 mM CaCl 2 at 37 ° C in the presence 
or absence of test inhibitory compound. Absorbances at 405 nm were measured by plate reader as an index of residual enzyme activity. 
Results hown are mean values (n = 4). 
J'Secretory leucocyte proteinase inhibitor 
:l:alpha-1 pro teinase inhibitor 
AEBSF, 0~(Z-aminoethyl) benzenesulfonyl fluoride. 
ously indicated but with 0.15 ml oftris-hydrochloride 
buffer (pH 7.2) and 0.05 ml of test compound in the 
assay. 
Electrophoresis o f  serum-flee media samples 
from the culture o f  SMCs isolated from AOD, 
IMA, AAA, and normal aortic tissues 
Gelatin zymography. Samples (20 gl of serum- 
free media, approximately 2 x 103 SMCs) were elec- 
trophoresed on 10% polyacrylamide homogeneous 
gels containing 0.1% copolymerised gelatin 
(10 x 10 x 1 mm) by using thc 0.1% sodium dodecyl 
sulfate (SDS) 25 mmol /L  tris-192 mmol /L  glycinc 
buffer pH 8.4 system of Laemmli. 27 Gels were dec- 
trophorcsed atI25 V for 90 minutes and then washed 
in 2.5% Triton-X-100 (2 x 50 ml x 15 rain) to re- 
move SDS/renature proteinases, then transferred to 
50 mmol /L  tris-hydrochloridc buffer pH 7.2 con- 
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taining 10 mmol/L Calcium dichloride and the gel 
incubated at 37 ° C for 6 hours. The gel was then 
stained in Coomassic R250 (0.002%) in acetic acid 
(5%) ethanol (10%) to visualize enzymatic activity 
(areas oflysis with less stain than the background). 28 
In selected experiments ethylenediaminetetraacetic 
acid (EDTA) ( 10 mmol/L), phcnyl methyl sulphonyl 
fluoride (PMSF) (1 retool/L), 1,10-phenanthroline 
(10 mmol/L), ethylene glycol-bis-(J3-amino ethyl 
ether) N,N,N',N'-tetraacetic acid (EGTA) (10 
retool/L), tosyl lysyl chloromethyl ketone (TLCK) 
(0.1 mmol/L) or tosyl phenylalanyl chloromethyl 
ketone (TPCK) (0.1 mmol/L) were included in the 
last incubation step to aid in identifying the class of 
proteinase r sponsible for the lysis zones. 
Western blotting. SMC media samples (20 ~tl, 
approximately 2 x 103 SMCs) were subjected to 4% to 
20% gradient polyacrylamide SDS polyacrylamide g l 
electrophoresis (PAGE) by using the Lacmmli buffer 
system previously indicated, then electroblotted to
nitrocellulose sheets (0.45 ~t) by using 12 mmolflL 
tris 96 mmol/L glycine 20% methanol transfer buffer 
at 200 mA for 2 hours in a Novex trans-blot module. 29 
Blots were blocked overnight in 5% bovine serum 
albumin in tris buffered saline (TBS), washed in TBS 
0.05% Tween 20 (TBS-TweS~), then incubated with 
primary mouse anti-human MMP-2 (clone 42-5D 11, 
Oncogene sciences, Melbourne, Australia) or 
MMP-3 (clone 552A4, against the oligopeptide r si- 
due 524 to 539, Fuji Chemical Co. Ltd., Tomaya, 
Japan) or MMP-9 (clone 562A4 against the oligopep- 
tide residue 524 to 539, Fuji Chemical Co. Ltd.) 
antibodies (1/400 dilution) in TBS for 2 hours at 
room temperature. The blot was then washed again 
with TBS-Tween and incubated with a goat anti- 
mouse IgG alkaline phosphatase conjugate (1/1000 
d~lution) in TBS for a further 2 hours. After washing, 
the blot was incubated with nitroblue tetrazolium/5- 
bromo-4-chloro-indolyl phosphate (NBT/BCIP) 
substrates in 50 mmol/L Tris-hydrochloride alkaline 
phosphatase assay buffer pH 9.5 (Bio-rad Laborato- 
ries, N. Ryde, Australia) for 30 minutes at room 
temperature to visualizc MMP-2 and MMP-9 posi- 
tive proteins. A media sample of IL-I~ stimulated 
human rheumatoid fibroblasts was used as a positive 
control in zymography and Western blotting experi- 
mcnts. 
Statistical analyses 
All data used for comparisons in this study were 
normalized on the basis of equivalent SMC numbers 
in culture and presented as mean_+ SD. Groups of 
data were compared by analysis of variance, and when 
differences were established the data were further 
examined by an unpaired student's t test. Data were 
considered statistically significant when p < 0.05. The 
significance values quoted are that of the student's 
t teSt. 
RESULTS 
Aorta samples from three age- and sex-matched 
groups of individuals (AAA, AOD, IMA) were col- 
lected for this study. The normal aorta samples 
obtained were, however, from a somewhat younger 
group of donors. The AAA, AOD, and IMA groups all 
had similar risk factors for AAA. Details of tissue 
donors are provided in Table I. 
SMC monolayers were obtained as outgrowths of 
cells from arterial explant primary cultures, grown to 
confluence, then passaged five times before they were 
established in serum-free culture conditions for a 
further 48 hours to examine proteins ecreted by the 
SMCs. SMC monolayers after their fifth passage had 
cytoskeletal e ements that exhibited strong reactivity 
with a SMC 0~-actin monoclonal antibody, and a 
typical hill-and-valley morphologic characteristic was 
evident by fluorescent microscopy (>99% cells stained 
positive; Fig. 1). 30 For all comparisons undertaken, 
data were normalized on the basis of equivalent cell 
numbers in culture. Approximately 1.09 x 10 s cells 
were cultured per milliliter of serum-free medium in 
monolayer for the last 48 hours of culture. This 
medium was collected and used in an unconcentrated 
form as a source ofSMC MMPs. The pH optima for 
the degradation of SAAANA by AAA SMC media 
samples was 7.2 (Fig. 2) SAAANA is a sensitive 
tripeptide substrate cleaved by PPE and related elas- 
tolytic enzymes. This substrate is fairly specific for 
elastolytic activity because other nonelastolytic pro- 
teases do not degrade it. 2s Metal-chelating agents 
such as EDTA, EGTA, and 1,10-phenanthroline 
totally inhibited this process, indicating that the 
enzymes responsible were metal-dependent protein- 
ases (Table II). Other data from our laboratory show 
that MMPs from human synovial rheumatoid fibro- 
blast culture media were able to cleave SAAANA 
(albeit at a low rate), and this process was enhanced 
when the media proteinases were activated with 1.5 
mmol/L aminophenylmercuric acetate for 2 hours at 
37 ° C (data not shown). Comparison of the relative 
elastolytic activity against SAAANA (expressed as PPE 
degradative units per milliliter of media, in which a 
unit is defined as the amount of PPE required to 
change the A405 by 0.001 over a 48-hour period) 
secreted by SMCs was expressed from each of the 
tissue groups howed that AAA (789 + 58 units) >N 
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Fig. 2. Assessment of relative lastolytic activity present in AAA SMC serum-free media as 
function of pH. Range of buffers were prepared to cover pH range 4 to 11 by using sodium 
acetate (open circles), tris-hydrochloride (closed circles), and CAPS (filled squares) buffers that 
were substituted into standard assay protocol by using SAAANA as substrate. Each point 
represents mean of triplicate samples, and error bars are standard eviations. 
(702 _+ 32 units) >AOD (664-+ 37 units) >IMA 
(600 + 43 units), and there was statistical significance 
between AAA and all the controls (p < 0.05; Fig. 3). 
Degradation of 14C-insoluble elastin by the respective 
SMC media samples also followed a similar trend (Fig. 
4). Normal SMC media, however, did not degrade 
statistically less quantities of 14C-elastin than the AAA 
media. Samples of media from AOD and IMA did 
degrade significantly less quantities. Examination of 
the SMC media samples by gelatin zymography 
demonstrated gelatinolytic activity in all samples with 
a molecular weight of 64 kDa (Fig. 5). This activity, 
however, was generally produced at a higher level by 
the AAA SMC samples compared with other SMC 
samples examined. The AAA SMC samples also ex- 
hibited gelatinase activity with molecular weight of 92 
kDa, which was not detected in any of the other SMC 
samples but was exhibited by an IL-I~ stimulated 
human rheumatoid fibroblast control media sample 
(Fig. 5). A somewhat diffusely resolved 50 to 63 kDa 
gclatinolytic activity was also evident in all the SMC 
samples, and again this species was generally present in 
higher amounts in the AAA SMC samples. Metal- 
chelating agents (EDTA, EGTA, 1,10-phcnanthro- 
line) abrogated the clearance zones observed by 
zymography, confirming that the proteinases respon- 
sible were metal-dependent and possibly related to 
the MMPs. 
Semiquantitative analysis of the lysis bands by laser 
densiometry showed a greater degree of gelatin di- 
gestion within the gels at the 64 kDa band by samples 
from AAA SMCs (mean 115.8%) compared with the 
normal sample (taken as 100%), AOD (mean 56%), or 
IMA SMCs (mean 30.2%). The normal sample xhib- 
ited a considerable amount ofgelatinase activity at this 
size but was still less than the gelatin lysis by AAA 
SMC media samples (Fig. 5). 
Western blotting was therefore undertaken by 
using the same SMC media samples and specific 
monoclonal antibodies to human MMP-2, 3, and 9 
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Fig. 3. Assessment ofrelative lastolytic activity (against SAAANA) present in serum-free SMC 
media samples from IMA, AOD, normal and AAA tissue groups. Mean values of relative 
elastolytic activity (PPE degradative units/ml of media) + SD are presented. One unit of PPE 
degradative activity was defined as that amount of enzyme causing increase in absorbance at405 
nm of 0.001 in 48 hours by using SAAANA as substrate under our standard assay conditions. AAA 
SMCs degrade significantly more substrate than IMA (p < 0.005), AOD (p= 0.002), and 
normal SMCs (p = 0.03). 
(Figs. 6A, B). No cross-reactivity was detected with 
any of the monoclonal antibodies, and there was no 
detectable nonspecific binding to the MMPs by the 
secondary antibody. Two bands migrating with mo- 
lecular weights of 50 to 55 kDa stained positively with 
the anti-MMP-9 antibody in all four AAA SMC 
samples. Significantly, however, this molecular weight 
species was not detectable in any of the other SMC 
samples examined (Fig. 6A). All the SMC media 
samples were immunoreactive with the anti-MMP-2 
monoclonal antibody, but the four AAA samples 
exhibited higher levels of MMP-2 compared with 
other SMC samples (Fig. 6B). Semiquantitative analy- 
sis by laser densiometry revealed that AAA SMCs 
produced almost the same amount of MMP-2 
(98.1%) compared with normal (100%), and AOD 
SMCs demonstrated reduced amounts (46.7%) as did 
IMA SMCs (19.6%). There was no immunoreactivity 
of any of the SMC mcdia samples with anti-MMP-3 
monoclonal antibody. 
DISCUSSION 
The results of this study have shown that human 
SMCs in culture have the ability to secrete proteases 
that will degrade insoluble elastin, gelatin, and the 
synthetic PPE substrate SAAANA (Figs. 3, 4, and 5). 
Elastolytic activity in the media of cultured SMCs 
from rat and pig has previously been demonstrated, 
but not from SMCs derived from human aortas. 31'32 
Our studies howed that the elastolytic activity was 
maximal at pH 7.2 (Fig. 2) and inhibited by metal- 
chelating agents (Table II). These data are consistent 
with the proteases being members of the MMP 
family, aa Zymography confirmed that the media con- 
mined metal-dependent gelatinases; however, the 
lysis band between 50 and 63 kDa (Fig. 5) was 
diffusely resolved, and a conclusion was unable to be 
reached regarding the identity of the metal-depen- 
dent proteases responsible for the lysis. The likely 
proteases would be MMP-9, 3, and 1, and it would 
require blocldng antibody studies to conclusively 
determine that the elastolytic and gelatin lysis was 
from a specific MMP. Western blotting, however, did 
establish that MMP-9 was present only in the AAA 
samples (Fig. 6,A), that levels of MMP-2 were higher 
than the AOD and IMA samples, and half of them 
higher than the normal SMC media samples (Fig. 
6, B). This finding supports the argument that these 
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Fig. 4. Assessment of relative elastolytic activity (as dpm solubilized from 14C-insoluble elastin) 
present in serum-free SMC media samples from the IMA, AOD, normal, and AAA tissue groups. 
Mean values + SD are presented, and data were normalized on basis of equivalent cell numbers. 
AAA SMCs degrade more elastin than IMA SMC media (p < 0.005) and AOD (10 = 0.01). No 
significant difference between ormal and AAA SMC media (p = 0.198). 
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Fig. 5. Zymographic assessment of gelatinolytic activity present in serum-free AOD, IMA, 
normal, and AAA SMC media samples and of IL-113 stimulated human rheumatoid fibroblast 
media sample (Fib). The prestained molecular weight standards run at left of figure were bovine 
serum albumin (98 kDa), glutamic dehydrogenase (64 kDa), alcohol dehydrogenase (50 kDa), 
and carbonic anhydrase (36 kDa). 
metalloproteases arc responsible for the substrate 
degradation because they have the ability to cleave 
gelatin and solubilizc lastin and type IV collagen and 
proteoglycan core protein. 3<as Apart from gelatin, all 
these proteins arc components of the extracellular 
matrix. The 92 kDa gelatin lysis band unique to the 
AAA samples was also a metal-dependent protease but 
unlikely to be MMP-9 (whose zymogen form is 92 
kDa) because it demonstrates activity. Hence this 
protease may be a combined isoform of other MMPs 
and requires further investigation. 
Sasaguri et al.a6 have shown that unstimulated 
normal human adult aortic SMCs, under basal con- 
ditions, secrete significant quantities of proMMP-2 
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Fig. 6. Western blot analysis of same SMC media samples as electrophoresed in Fig. 5. Samples 
were subjected to 4% to 20% gradient SDS PAGE and electrophoretically transferred to 
nitrocellulose. After blocking, blots were probed with monoclonal ntibodies to MMP-2 (A) and 
MMP-9 (B). The protein standards used are indicated at left o  figure and were same as Fig. 5. 
and relatively low levels of MMP-1. In this study the 
levels of MMP-2 in the culture medium from SMCs of 
AAA origin and control SMCs from occlusive and 
normal aortas and IMA specimens were compared. 
The results clearly show that AAA SMCs secrete more 
MMP-2 than SMCs from AOD (Fig. 6, B). This is an 
important and novel finding because it identifies 
differences between SMCs from AAA and AOD 
patients. In vivo, both cell types are adjacent to 
atheromatous plaques, but the AAA SMC cultures 
produce significantly more elastolytic activity than 
SMCs from AOD (Fig. 4). In this study the inferior 
mesenteric artery was also used as a control tissue to 
provide age-, sex- and AAA risk factor-matched 
SMCs from an area very close to where AAA devel- 
opment commonly occurs. We do not feel that the 
normal SMCs derived from the aortas of cadaver 
organ transplant donors were the most appropriate 
control to make direct comparisons because they were 
a median of 20 years younger than the other speci- 
mens. It was not surprising that the normal SMCs 
produced as much MMP-2 ad the AAA SMCs (Fig. 
6, B) and exhibited statistically nonsignificant elas- 
tolytic activity. Others have reported that SMCs from 
younger donors cleave more SAAANA then the older 
AOD and AAA SMCs.  22,a6 It has also been reported 
that MMP-1, MMP-2, and MMP-3 produced by 
SMCs from normal aortic media in vitro decrease with 
increasing age. The reason for this is not clear but 
probably represents a decrease in the rate of extracel- 
lular matrix turnover with age. 
In this study AAA SMCs also produced MMP-9, 
an elastin-degrading protease that was undetectable 
in the medium of the control SMCs. Studies with rats, 
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however, have shown that mechanical injury to the 
arterial vessel wall in vivo can increase the expression 
of mRNA for MMP-9 by these cells, and we may 
therefore deduce that injury to the aortic wall by 
hypertension, atherosclerosis, or flow abnormalities 
could be the stimulus for the expression of higher 
levels of MMP-9 by SMCs. 37 Furthermore, because 
MMP-9 can degrade a wide range of extracellular 
matrix proteins, including elastin, such events may 
also contribute to AAA development. 
The molecular weight of proMMP-9 is 92 kDa, 
and activated forms of MMP-9 have molecular 
weights that range from 80 kDa to 50 kDa. a8 In our 
study, we detected MMP species of 50 to 55 kDa that 
were immunoreactive with antiMMP-9. By using a 
tissue inhibitor of metalloproteinaseq (the major 
inhibitor of MMP) affinity column, Newman et 
al. 16'17 identified MMPs of 80 kDa and 50 kDa 
molecular weight from AAA homogenates that they 
identified as MMP-9. This group has also isolated 
MMPs of 45 kDa and 35 kDa molecular weight in 
homogenates of AAA tissue that they assigned to 
MMP-3. Because we could not detect his protease in 
our pure AAA SMC cultures, this fact leads us to 
deduce that the MMP- 3 previously described~ 6,~ 7 was 
derived from another cell source, possibly from in- 
flammatory cells that have been shown to infiltrate the 
AAA vessel wall in high numbers. 24 
Macrophages are another potential source ofelas- 
tin-degrading MMPs in AAA tissues. 24 Macrophage 
numbers may be increased 50-fold in AAA tissue; 
immunohistochemical techniques have demonstrated 
MMP-3 and MMP-9 within such mononuclear in- 
flammatory cells and only a small proportion localized 
to the mesenchymal cells. 24 It is thus apparent that 
SMCs are certainly not the sole source of MMP-9 
within the aneurysm wall. It is also unlikely that 
fibroblast contamination was responsible for the 
MMP-9 in the culture medium because >99% of the 
cultured cells in the fifth passage xhibited strong 
reactivity to anti-smooth muscle o~-actin, also sug- 
gesting that the SMCs in vitro had not significantly 
dedifferentiated to a different phenotype. 
The macrophages may also have an additional role 
in stimulating the production of gelatinases from 
other cells within the aorta through cytoldne produc- 
tion, as evidenced in the study by Evans et al. 39 In this 
study, cultured cells of normal aortic origin were 
found to produce low levels of gelatinase activity. 
Interleuldn- 1, however, stimulated this activity many- 
fold, suggesting that inflammatory cells at AAA sites 
could stimulate ven normal aortic cells to upregulate 
their expression of gelatinases. 39 Another factor im- 
plicated in the upregulation ofprotcolytic activity by 
SMCs in AAAs are elastin-degradation products 
(byproducts of atherosclerosis), as suggested by Co- 
hen et al.  22 Elastolytic activity produced by AAA 
SMCs was significantly increased relative to levels in 
normal SMC culture by elastin breakdown products, 
suggesting that proteases elaborated by AAA SMCs 
could therefore also enhance the progression of AAA. 
In conclusion, this study clcarly demonstrates that 
cultured SMCs of AAA origin elaborate greater elas- 
tolytic activity than SMCs from AOD. This elastolytic 
activity demonstrates a distinct difference between 
the two diseases and is most likely to be caused by 
MMP-9 and MMP-2, which we suggest are impli- 
cated as a cause ofelastin degradation and subsequent 
aneurysm formation of the abdominal aorta. 
The monoclonal antibodies to MMP-3 and 9 were 
generously donated by Professor M. Shinmei, National 
Defence Medical College, Japan. The human rheumatoid 
synovial fibroblasts were generously donated by Dr. Yuldko 
Numata, Raymond Purves Research Laboratories, Royal 
North Shore Hospital. 
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